Overall survival (OS) can be observed only after prolonged follow-up, and any potential effect of first-line therapies on OS may be confounded by the effects of subsequent therapy. We investigated whether tumor response, disease control, progression-free survival (PFS), or time to progression (TTP) could be considered a valid surrogate for OS to assess the benefits of first-line therapies for patients with metastatic breast cancer.
INTRODUCTION
Overall survival (OS) is viewed as the end point of choice to assess the efficacy of new treatments in advanced breast cancer. However, the analysis of OS requires prolonged follow-up of all patients, thereby delaying the evaluation of highly promising new therapies that will often find their most cost-effective use in the adjuvant setting. In addition, any potential effect of first-line therapies on OS may be diluted (but possibly not eliminated) by the effects of subsequent therapy with agents that have activity against breast cancer. It is, therefore, important to investigate whether other clinical end points, such as tumor response, disease control, progression-free survival (PFS), or time to progression (TTP), could replace OS as the primary end point in randomized trials for the first-line chemotherapy of patients with advanced breast cancer.
To address this question, we utilized randomized trials of first-line treatment for advanced breast cancer; three trials compared a single-agent taxane with a single-agent anthracycline, and eight further trials explored the value of combining taxanes and anthracyclines. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Individual patient data from these 11 trials were collected and reanalyzed. The results of this meta-analysis and a more detailed description of the trials are published in a companion paper (Piccart-Gebhart et al, manuscript submitted for publication). In this article, we quantify the relationships of tumor response, disease control, PFS, and TTP as candidates for surrogate end points for OS by using data from the same set of trials.
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PATIENTS AND METHODS
Trials
The 11 randomized trials either compared anthracycline-taxane combination regimens versus anthracycline-based regimens or compared singleagent anthracycline versus single-agent taxane regimens for the first-line treatment of metastatic breast cancer (Piccart-Gebhart et al, manuscript submitted for publication; Table 1 ).
Data
The following data items were collected for all individual patients included in all trials: center, random assignment date, date of last observation (or date of death, if patient died), survival status, cause of death, tumor response (according to the WHO criteria 12 ), date of tumor response, date of progression, progression status, number of organs involved at entry, visceral disease at entry (defined as predominantly visceral, if available, or as lung and/or liver), and estrogen receptor status at entry (defined as positive or negative according to each center's or trial's policy). PFS was calculated from the date of random assignment to the date of disease progression or death as a result of any cause; observations of patients who were alive without progression at the end of their follow-up (including those who received subsequent anticancer therapy in the absence of documented disease progression) were considered censored observations. TTP was calculated from the date of random assignment to the date of disease progression or death caused by the disease; observations of patients who were alive without progression at the end of their follow-up (including those who received subsequent anticancer therapy in the absence of documented disease progression) and patients who died as a result of causes not related to the disease were considered censored observations. Survival was calculated from date of random assignment to the date of death as a result of any cause; observations of patients who were alive at the end of their follow-up were considered censored observations. Because the information on the date of tumor response or disease stabilization was not available for all trials, disease control was defined as the achievement of a complete response, a partial response, or stable disease that had a TTP greater than 6 months.
Validation Strategy
The validity of surrogate end points (tumor response, disease control, PFS, and TTP as surrogates for survival and tumor response as a surrogate for PFS) was investigated through measures of association between the end points and through a joint model to estimate trial-specific treatment effects on these end points. 13 The log odds ratio (OR) was used to quantify the effect of treatment on response or on disease control, and the log hazard ratio (HR) was used to quantify the effect of treatment on PFS, TTP, and OS. The association of treatment effects was analyzed by using linear regression. The correlation coefficient was adjusted for the presence of the estimation error in treatment effects by using an error-in-variables linear regression model.
14
The association between end points (ie, individual patient outcomes) is related to the prediction of the end point of choice (eg, OS) from the surrogate end point (eg, PFS) for an individual patient. The stronger the association, the better the precision of the prediction is and the more valid the surrogate is at the individual patient level, as it allows for a reliable replacement of the end point of choice by the surrogate. However, this association merely captures the prognostic aspect of a surrogate.
The association between treatment effects (differences in average outcomes for treated and control patients) is related to the prediction of the treatment effect on the end point of choice (eg, log HR for OS) from the effect on surrogate (eg, log HR for PFS) at the trial level. Again, the stronger the association, the more valid the surrogate is at the trial level, as it allows for a more precise prediction of the treatment effect. In fact, it is this prediction that is of most interest: one would like to decide on a new treatment by looking at the effect of the treatment on the surrogate instead of the effect on the true end point, because the former might be observed earlier or in more patients than the latter. It should be stressed that the trial level association between treatment effects does not simply follow from the individual level association between end points.
13
All analyses were intention-to-treat. All confidence intervals were calculated for a two-sided probability coverage of 95%.
Tumor Response and Disease Control as Surrogate End Points
A joint model that was based on the Plackett copula was used to estimate trial-specific treatment effects on tumor response and survival by using a 
‫ء‬
The remaining patients of this trial received the drugs as second-line therapy and, therefore, were not included in the analysis. marginal proportional odds model for tumor response and a marginal Weibull model for survival. 15 The association between response and survival was quantified through the survival OR, an assumed constant over time, and was defined as the odds of surviving for responders divided by the odds of surviving nonresponders. The association between disease control and survival was quantified in a similar way.
To eliminate length-biased sampling from the analyses of the tumor response, we used the landmark method. 16 This method consists of ignoring responses that occur later than an arbitrary landmark time and deaths that occur before that time. We varied landmark times between 1 to 6 months to assess the sensitivity of the results to the choice of the landmark. A similar approach was adopted for the analyses of disease control.
PFS and TTP as Surrogate End Points
A joint model that was based on the Hougaard copula was used to estimate trial-specific treatment effects on PFS or TTP and survival by using marginal proportional-hazards models with normally distributed, random trial-specific treatment effects for the TTP and survival. 17 The association between PFS or TTP and survival was quantified through the Spearman rank correlation coefficient (). Table 2 shows the treatment effects on the clinical outcomes of interest: response, disease control rates, ORs, median time, and HR for survival, PFS, and TTP. Note that the effects for PFS and TTP are similar. This is because only 393 patients (9.9%) did not experience disease progression.
RESULTS
Treatment Effects
Association Between End Points
The survival OR for responders versus nonresponders was 2.9 (CI, 2.6 to 3.3), which indicated that a patient who responded was about three times more likely to survive beyond any arbitrary time than one who did not respond. The value of the OR remained greater than 1.9 (and the lower CI limit greater than 1.6) for landmark times between 1 to 6 months. balt5/zlj-jco/zlj-jco/zlj01208/zlj6842-08a kroenink S‫3؍‬ 3/11/08 10:36 4/Color Figure(s 
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The survival OR for patients with disease control versus other patients was 5.5 (CI, 4.8 to 6.3), which indicated that a patient with disease control was about five times more likely to survive beyond any arbitrary time than a patient without the control. The value of the OR remained greater than 2.7 (and the lower CI limit greater than 2.3) for landmark times between 1 to 6 months.
The between PFS and survival was 0.688 (CI, 0.686 to 0.690), which indicated a moderate correlation between these end points. The between TTP and survival was 0.682 (CI, 0.680 to 0.684).
In an additional analysis, the PFS OR for responders versus nonresponders was 6.2 (CI, 5.3 to 7.0), which indicated that a responding patient was about six times more likely to survive free of progression beyond any arbitrary time than a nonresponding patient. The value of the OR remained greater than 4 (and the lower CI limit greater than 3.7) for landmark times between 1 to 6 months.
Association Between Treatment Effects
The between the treatment effects on response and on survival was 0.57 (CI, Ϫ0.31 to 1.44), which indicated a loose and imprecisely estimated association between these two end points (Fig 1) . In the landmark analysis, the varied slightly between 0.54 and 0.63, depending on the landmark time (data not shown).
The between the treatment effects on disease control and on survival was 0.47 (CI, Ϫ0.46 to 1.40), which indicated again a loose and imprecisely estimated association between treatment effects on these two end points (Fig 2) . In the landmark analysis, the varied between 0.39 and 0.55, depending on the landmark time (data not shown).
The between the treatment effects on PFS and survival was 0.48 (CI, Ϫ0.34 to 1.30; Fig 3) . For the treatment effects on TTP and survival, the was 0.49 CI, Ϫ0.32 to 1.30; plot not shown). As with the result obtained for tumor response and disease control, both estimates indicated a weak and imprecisely estimated association between treatment effects for PFS and TTP and, conversely, for survival.
In an additional analysis, the between the treatment effects on response and on PFS was 0.96 (CI, 0.73 to 1.19), which indicated a remarkably tight association between these effects (Appendix Fig A1, online only) . The equation of the regression line is as follows: log HR ϭ 0.10 ϩ 0.50 ϫ log OR, which predicted a 50% increase in the PFS log HR for every unit increase in the log OR. The results remained virtually unchanged in the landmark analysis, irrespective of the choice of the landmark (data not shown).
DISCUSSION
Because of the number of new promising treatments arriving in phase III trials for advanced breast cancer, there is an urgent need to identify end points that are more sensitive and more rapidly observed than OS. 18 Before such earlier end points are adopted in clinical practice, they must be shown to be acceptable surrogates for the more meaningful clinical end points they are supposed to replace.
Effect On Survival (HR)
Effect On Tumor Response (OR) 
Effect On Progression-free Survival (HR) Some authors have suggested, on the basis of results published in the literature, that PFS or even tumor response could be considered surrogates for survival in advanced breast cancer. Hackshaw et al 19 looked at 13 first-line randomized trials that had one FAC (fluorouracil, adriamycin, cyclophosphamide) or FEC (fluorouracil, epirubicin, cyclophosphamide) treatment arm. They used the naïve statistical approach of simply correlating treatment effects on two of these end points, by using summary statistics and by making no allowance either for the correlation between the end points or for the errors in the estimated treatment effects. This approach overestimated the between the treatment effects on the end points considered and is likely to overstate the quality of an assumed surrogacy between these end points. They found a of 0.66 between the treatment effects on response and survival and of 0.87 between the treatment effects on PFS and survival. In contrast, the corresponding data in our analysis were 0.57 and 0.48, respectively, with so much uncertainty in both cases that a zero correlation could not be excluded. The uncertainty in our analyses may be result from the minimal effect of taxanes on OS. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This observation might lend support to the claim that, to validate a surrogate for survival, the treatment must have some effect both on the surrogate and on survival itself in at least some trials. [20] [21] In addition, actual validation analyses may require a range of treatment effects for the correlation approach we advocate here to be informative.
Bruzzi et al 22 used a different set of randomized trials that compared a standard FEC regimen with a dose-intensified FEC regimen.
22
They collected individual patient data on 2,126 patients who were randomly assigned in 10 trials. By using a statistical approach close in spirit to ours, they showed that tumor response is a highly significant predictor of survival but that the treatment effects on response poorly predict the treatment effects on survival. Although our results agree with theirs on both counts, our conclusions differ. Bruzzi et al 22 claim that response is a potential surrogate end point for survival, but we feel that the poor prediction of the treatment effects on survival from the treatment effects on response calls for a more balanced interpretation. Although we cannot exclude that tumor response could be a surrogate for survival in a different set of trials, our data offer no evidence for this claim. Again, the lack of a survival benefit in our meta-analysis may have limited our ability to validate response as a surrogate for survival. However, a meta-analysis of randomized trials in advance colorectal cancer, in which treatment had a significant effect on both response and survival, also failed to validate response as a surrogate for survival. 23 In contrast, another meta-analysis in advanced colorectal cancer has shown that PFS is an acceptable surrogate for survival in that disease, which underscores the fact that surrogacy is disease-and treatment-specific (Buyse et al, submitted for publication).
In addition to tumor response and PFS, we also investigated whether disease control or TTP could be used as surrogates for survival. These two end points are sometimes used to provide supporting evidence for regulatory approval. In our analyses, the results and conclusions for disease control and for TTP are similar to those obtained for tumor response and PFS, respectively.
The statistical methods adopted in the present paper and elsewhere use a correlation approach to the validation of potential surrogate end points. [23] [24] As such, they offer quantitative evidence but do not result in any absolute claim of surrogacy. 20, 25 Indeed, a potential limitation of using is that there is no standard value above which a correlation can be claimed to be sufficient. It is helpful to consider the squared value of , which is the variance in the variable explained by its predictor. For instance, the between the treatment effects on response and on survival was 0.57; hence, less than one third (0.57 2 ϭ 0.32) of the variability in treatment effects on survival can be explained by the variability in treatment effects on response. The wide confidence intervals around some data appropriately reflect the substantial statistical uncertainty despite the number of trials and patients available for analysis. For instance, the 95% CI around 0.57 ranged from Ϫ0.31 to 1.44, which was too wide to be informative.
The present analyses showed that tumor response is an acceptable surrogate for PFS in patients with advanced breast cancer, as the association between these end points is quite strong, and that treatment effects on tumor response predict treatment effects on PFS extremely well (, 0.96; CI 0.73 to 1.19). However, the clinical implications of this finding are rather limited. If surrogates are sought for survival, they will have to be validated by using data from other randomized trials. 
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